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Abstract. New radial velocities of a Cen A & B obtained in the framework the Anglo-Australian Planet Search programme as 



well as in the CORALIE programme are added to those by Endl et al. (2001 1 to improve the precision of the orbital parameters 



The resulting masses are 1.105 ± O.OO7OA/0 and 0.934 ± O.OO6IM0 for A and B respectively. The factors limiting how 
accurately these masses can be derived from a combined visual-spectroscopic solution are investigated. The total effect of 
the convective blueshift and the gravitational redshift is also investigated and estimated to differ by 215 ± 8 m/s between the 
components. This suggests that the difference in convective blueshift between the components is much smaller than predicted 
from current hydrodynamical model atmosphere calculations. 
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1. Introduction 

Pourbaix (1999) derived an orbit of a Cen A & B whose main 
purpose was to illustrate how efficient the combination of vi- 
sual and spectroscopic data can be in terms of distance and 
mass determination ( pourbaix 1998 ). This system also offers a 
laboratory for several areas of astronomy ranging from stellar 
evolution (pourbaix et al. 1999 ; Guenther & Demarque 2000; 
Morel et al. 2000| ) and asteroseis mology (Bouchy & C arrier 



2001) to extra-solar planet search ( Murdoch et al. 1993 ; Endl 
et al. 2001). 

Instead of assuming an orbit and looking for a tiny vari- 
ation caused by an unseen companion in some highly precise 
radial velocities, we use the data to improve the orbital param- 
eters. The limits of such an approach are discussed in Sect. ||. 
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We improve the spectro-visual orbit in Sect. [| by combining 
t he published data with new ones from the Ang lo-Australian 
( |Butleretal. 200 1| ) and CORALIE dQueloz 200 1| ) planet search 
projects. The corrections applied to these data are interpreted in 
Sect. [| in terms of convective blueshift and gravitational red- 
shift. 



2. The parallax as a model parameter 

a Cen is so close to us that there are several sources for the 
different ingredients required to derive the individual masses, 
for inst ance the mass su m and the mass ratio. We have akeady 
argued ( Pourbaix 1998 ) that double-lined spectroscopic visual 
binaries offer a hypothesis-free determination of the distance 
and individual masses. The dis crepancy between th e former or- 
bital parallax 737.0±2.6 mas ( Pourbaix et al. 1999 ) and several 
others 742 ± 1.42 mas (HIP 71683, fcSA 1997| ), 747.1 ± 1.2 
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will assume that the parallax is known and set to 747.1 ± 1.2 
mas ( |S6derhjelm 1999| ). 
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Fig. 1. Difference of the radial velocity difference between 
the two componen ts derived fro m two parallaxes: 74 7.1 mas 
dSoderhjelm 1999| ) and 737 mas ( jPourbaix et al. 1999| ). V A i & 
Vbi (resp. Va 2 & Vb2) g£g the comp uted radial velocities from 
the orbit after Pourbaix et al. (1999 ) adopting 737 mas (resp. 
747.1 mas) for the parallax. 



mas ( Soderhjelm 1999 ) and the consequences on the ma sses 
are therefore rather puzzling ( |Guenther & Demarque 2000 ). 

Even if the old radial velocities exhibit a large scatter (the 
left end of the window in Fig. ||), in 1999, the precision of Ka 
and Kb (the amplitude of the radial velocity curves of A and 
B respectively) was better than 130 m/s for both components 
thanks to the sole data of Murdoch et al. (1993). But how ac- 
curate was the latter set? Pourbaix (1999] ) adopted their radial 
velocity zero point and shifted the earlier sets accordingly. With 
the semi-major axis of the visual orbit and the mass-ratio set, 
parallaxes of 737 mas and 750 mas, i.e. a change of 1.76%, are 
distinguishable if Ka + Kb is known to better than 170 m/s. 
Unfortunately, the accuracy quoted by Murdoch & Hearnshaw 
(1993) was only 200 m/s. 

The difference between K a + Kb derived with the 747. 1 ± 



1.2 mas (Soderhjelm 1999) and 737 mas is 169 m/s. However, 
the closer one gets to the systemic velocity (Sep. 2006), the 
smaller the difference in the relative velocity (Fig. [l]). Over the 
recent observing campaigns (about 5 years long), the effect of 
this parallax difference was too small to be detected even if 
accurate absolute radial velocities had been measured. 

With the very precise relative radial velocities available 
now (Sect. ||), one can no longer consider the parallax as an 
independent parameter of the model. Indeed, the orbital par- 
allax depends on the corrections applied to these velocities to 
change them into absolute ones. Therefore, either one assumes 
these shifts to be known and derives an orbital parallax or one 
assumes the latter and derives the former. From now on, we 



3. New data and orbital solution 

3.1. AATdata 

The relative velocities of A and B were calculated in the usual 



way ( |Butleret al. 200 1| ), and have typical internal measurement 
errors of 3 m/s. The RMS to a linear fit for A and B velocities 
is 5.8 and 3.6 m/s. The absolute velocity zero-point was then 
derived by reanalyzing the A an d B observations using the NSO 
solar atlas ( Kurucz et al. 1984 ) as the stellar template (Nidever 
et al. 2002). 

These two sets of radial velocities are absolute in some 
sense since Va and Vb have the same zero point. However, nei- 
ther the AAT nor the CORALIE data are absolute per se since 
they only barely account for the gravitational redshift and the 
convective blueshift. Although these two shifts are rather tough 
to derive, their total effect can be guessed. 

Owing to the similarity between the template and compo- 
nent A, the radial velocities of the latter were assumed to be 
absolute. The required correction to the velocities of B was 
— 215 ± 8 m/s (presumably to account for the gravitational red- 
shift, the convective blueshift and the template mismatch) in 
order for the orbital parallax to match the adopted value. This 
correction has a linear effect on the orbital parallax. Therefore, 
the 8 m/s uncerta inty corresponds to the 1 .2 mas uncertainty of 
the parallax after Soderhjelm (1999). 



3.2. CORALIE data 

The CORALIE data were obtained in the usual way, i.e. a syn- 
thetic K0V template was used for both A (slightly evolved 
G2V) and B (Kl V). The RMS to a linear fit for A and B veloc- 
ities is 3.15 and 2.54 m/s. These data together with the visual 
observations lead to a parallax of 694 mas, about 7% too small 
with a mass ratio also discrepant with respect to previous es- 
timates (Kamper & Wesselink 1978; pourbaix et al. 1999 ). By 
adding corrections of +9 m/s and —215 m/s to the CORALIE 
data of A and B respe ctively, the parallax becomes consistent 
with the estimate after Soderhjelm (1999 ). A shift of +40 m/s 
was also needed to put the CORALIE data in the same frame 
as the AAT one. 

We note that for component A the corrections required for 
the AAT and CORALIE velocities differ by 9 m/s. This dif- 
ference of 9 m/s for A could be caused by the use, in the 
CORALIE analysis, of the K0V template for the G2V star. 
The resulting spectral-type mismatch apparently causes a zero- 
point error of 9 m/s in A. Actually, although these 9 m/s are 
real, they are likely to be actually spread over the two compo- 
nents, caused by a template mismatch for the two components 
for both AAT and CORALIE. 

Hence, although the instruments, calibration, and reduction 
techniques are totally different, the AAT and CORALIE veloc- 
ity sets both suggest that the sum of gravitational redshift and 
convective blueshifts are different by ~220 m/s between A and 
B. We consider this difference of ~ 220 m/s to be a significant 



D. Pourbaix et al.: Convective blueshift of a Cen 



3 



measurement, albeit differential, of the effects of gravitational 
redshift and convective blueshift in G2V and Kl V stars. 



3.3. Simultaneous solution 



The radial velocities published by Endl et al. (2001 ) are rela- 
tive radial velocities. Therefore, the only information they con- 
strain is the mass ratio (Eq. ^). Once the absolute scale is set, 
the relative radial velocities can be adjusted accordingly. The 
whole set of spectroscopic data is thus composed of the data 



after Pourbaix et al. (1999 ), by Endl et al. (2001 ) and those in 
Table |2|. A differential correction of —43 m/s was also added 



to the data of B after [Murdoch et al. (1993| ). This correction is 
well within the accuracy limits quoted by these authors. The 
zero point of these radial velocities was shifted by —568 m/s to 
coincide with the AAT one. Consequently, all the older radial 
velocities were also shifte d by —568 m /s since they were ini - 
tially tied dPourbaix 1999| ) to the data of [Murdoch et al. (1993| ). 
However, the relative weight of these latter data sets is so small 
with respect to the AAT and CORALIE ones that the effect of 
these changes is barely noticeable. 

The relative position of the secondary has also been mea- 
sured a few times over the past 15 years. These observations 
have been added to the Washington Double Star Catalog of 
Observations and kindly supplied to us (Hartkopf & Mason, 
priv. comm.). These data combined with all the radial veloci- 
ties yield the orbit in Table [I]. 

Although th e system exhibits a large proper motion (3.7 
"/yr ( ESA 1997 )), our model does not account for any perspec- 
tive effect. Although the visual observations cover more than 
three revolutions, they are not precise enough (<jg = 2.3 deg 
and <j p = 0.6") to exhibit any noticeable trend. Even if such a 
perspective effect should be accounted at the level of precision 
for the modern radial velocities, the time interval they cover is 
too short for any noticeable effect. 



Table 1. Orbital paramet ers and their stand ard deviations. The 
parallax is adopted from Soderhjelm (1999 ) 



Element 


Value 




17.57 ±0.022 




79.20 ±0.041 




231.65 ± 0.076 




204.85 ± 0.084 


e 


0.5179 ± 0.00076 


P(yr) 


79.91 ±0.011 


T (Besselian year) 


1875.66 ± 0.012 


V (km/s) 


-22.445 ±0.0021 


w (mas) 


747.1 ±1.2 (adopted) 


k = Mb/(M a + M b ) 


0.4581 ± 0.00098 


M a (M ) 


1.105 ±0.0070 


M b (M q ) 


0.934 ± 0.0061 



With respect to the 1999 solution, one notes an upward revi- 
sion of the fractional mass (still rather consistent with the esti- 



change combined with the larger parallax yield smaller masses, 
with a larger effect on A than on B. The precision on the masses 
(< 1%), about 4.5 times smaller than in 1999, therefore reflects 
the precision of the parallax and the accuracy of the mass ra- 
tio, orbital period and semi-major axis of the visual orbit. The 
revised mass of the primary agrees more with what was as- 
sumed in some recent theoretical investigations (e.g. Guenther 
& Demarque 2000). It is also quite consistent with the recent 
result of asteroseismology by I 



Carrier et al. (2001) 
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mate after Murdoch & Hearnshaw (1993 )) which is hypothesis- 
free and relies on the relative velocities only (Sect. 0). This 



Fig. 2. Plot of the orbit from Table |l] and all the radial velocities 
obtained over the past 15 years. The five groups of very precise 
data are those of Murdoch et al. (19~93| ) (triangles), Endl et al. 
(2001) (squares), the AAT (diamonds) and CORALIE (circles) 
ones. The window shows the orbit with all the existing radial 
velocities. 

With respect to the orbit, the radial velocities of Endl et al. 
(2001) have standard deviations of 11.9 m/s and 12.4 m/s for 
A and B respectively, quite consistent with the mean measure- 
ment errors (12.3 m/s and 9.9 m/s). For the AAT data, the stan- 
dard deviations are 4.8 m/s and 3.7 m/s, again very consistent 
with the estimated mean measurement errors. The CORALIE 
radial velocities have standard deviations of 7.6 and 4.3 m/s 
for A and B respectively. For this latter set, the larger noise 
on component A is due to some guiding problems noticed for 
bright stars. 

4. Blue and red shifts 

Radial velocities of double lined s pectroscopic binaries are of- 
ten used to derive the mass ratio ( |lrwin 1973 ). As long as the 
precision of these velocities does not exceed their accuracy, this 
is indeed a licit approach. Nowadays, the radial velocities have 
a precision b etter than 10 m/s, how ever there has been little 
concern since Murdoch et al. (1993 ) about improving their ac- 
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Table 2. Relative and semi-absolute radial velocities 



JD 


A A 




A s 




Va 


17 y a 


V B 


<7V B 


Reference 


-2,400,000 


(m/s) 


(m/s) 


(m/s) 


(m/s) 


(m/s) 


(m/s) 


(m/s) 


(m/s) 




50831.27 


-339.6 


2.1 


224.7 


1.7 


-23552.3 


2.1 


-20920.2 


1.7 


AAT 


50833.24 


-338.0 


2.4 


223.0 


2.0 


-23550.7 


2.4 


-20921.9 


2.0 


AAT 


50917.12 


-317.5 


3.9 


188.0 


4.4 


-23530.2 


3.9 


-20956.9 


4.4 


AAT 


51002.93 


-287.8 


3.0 


163.8 


2.9 


-23500.5 


3.0 


-20981.1 


2.9 


AAT 


51189.88 










-23487.1 


< 2 






CORALIE 


51193.89 










-23483.5 


< 2 






CORALIE 


51213.28 


-228.2 


2.6 


77.3 


3.2 


-23440.9 


2.6 


-21067.6 


3.2 


AAT 


51223.87 










-23474.2 


< 2 






CORALIE 


51236.29 


-214.7 


3.7 


73.4 


3.0 


-23427.4 


3.7 


-21071.5 


3.0 


AAT 


51251.86 














-21115.0 


< 2 


CORALIE 


51274.23 






54.5 


3.3 






-21090.5 


3.3 


AAT 


51274.75 










-23455.7 


< 2 






CORALIE 


51276.08 


-209.3 


3.3 


54.7 


3.2 


-23422.0 


3.3 


-21090.2 


3.2 


AAT 


51382.86 


-163.5 


3.1 


21.0 


2.8 


-23376.2 


3.1 


-21123.9 


2.8 


AAT 


51383.86 


-162.4 


3.0 


18.6 


3.0 


-23375.1 


3.0 


-21126.3 


3.0 


AAT 


51385.85 


-162.1 


3.3 


14.7 


3.1 


-23374.8 


3.3 


-21130.2 


3.1 


AAT 


51386.84 


-159.0 


2.9 


20.8 


3.0 


-23371.7 


2.9 


-21124.1 


3.0 


AAT 


51387.47 














-21174.4 


< 2 


CORALIE 


51410.86 


-153.1 


2.3 


7.4 


3.9 


-23365.8 


2.3 


-21137.5 


3.9 


AAT 


51412.85 


-156.8 


3.8 


5.0 


3.0 


-23369.5 


3.8 


-21139.9 


3.0 


AAT 


51413.85 


-152.1 


4.3 


0.0 


4.3 


-23364.8 


4.3 


-21144.9 


4.3 


AAT 


51606.87 










-23368.3 


< 2 






CORALIE 


51630.31 


-81.5 


2.1 


-67.5 


3.2 


-23294.2 


2.1 


-21212.4 


3.2 


AAT 


51683.01 


-67.2 


3.7 


-93.7 


3.2 


-23279.9 


3.7 


-21238.6 


3.2 


AAT 


51684.09 


-64.9 


3.7 


-99.4 


2.9 


-23277.6 


3.7 


-21244.3 


2.9 


AAT 


51686.57 














-21281.3 


< 2 


CORALIE 


51687.74 














-21282.1 


< 2 


CORALIE 


51688.67 














-21285.4 


< 2 


CORALIE 


51698.46 














-21289.7 


< 2 


CORALIE 


51703.47 














-21292.6 


< 2 


CORALIE 


51704.47 










-23331.7 


< 2 






CORALIE 


51704.48 














-21292.3 


< 2 


CORALIE 


51707.47 














-21287.2 


< 2 


CORALIE 


51717.83 


-63.4 


4.2 


-111.0 


3.7 


-23276.1 


4.2 


-21255.9 


3.7 


AAT 


51742.88 


-49.7 


2.2 


-117.9 


2.8 


-23262.3 


2.2 


-21262.8 


2.8 


AAT 


51743.83 


-46.3 


3.2 


-117.7 


3.0 


-23259.0 


3.2 


-21262.6 


3.0 


AAT 


51766.87 


-39.8 


2.2 


-127.1 


2.7 


-23252.5 


2.2 


-21272.0 


2.7 


AAT 


51919.28 


2.0 


0.6 






-23210.7 


0.6 






AAT 


51984.32 






-211.4 


1.6 






-21356.3 


1.6 


AAT 


52061.01 


58.7 


3.8 


-239.2 


3.6 


-23154.0 


3.8 


-21384.1 


3.6 


AAT 


52091.93 


51.5 


4.0 


-249.7 


3.5 


-23161.2 


4.0 


-21394.6 


3.5 


AAT 


52093.00 


69.8 


3.7 


-247.8 


3.3 


-23142.9 


3.7 


-21392.7 


3.3 


AAT 


52126.89 


79.0 


1.8 


-269.4 


2.8 


-23133.7 


1.8 


-21414.4 


2.8 


AAT 


52127.91 


77.8 


2.7 


-265.4 


3.1 


-23134.9 


2.7 


-21410.3 


3.1 


AAT 


52129.02 


79.8 


3.9 


-270.2 


3.4 


-23132.9 


3.9 


-21415.1 


3.4 


AAT 


52129.96 


82.1 


3.4 


-265.9 


3.1 


-23130.6 


3.4 


-21410.8 


3.1 


AAT 


52150.94 


81.6 


2.8 


-280.0 


2.8 


-23131.1 


2.8 


-21425.0 


2.8 


AAT 


52151.85 


81.9 


2.5 


-278.6 


2.0 


-23130.8 


2.5 


-21423.5 


2.0 


AAT 


52171.49 














-21467.7 


< 2 


CORALIE 


52173.50 














-21466.6 


< 2 


CORALIE 


52177.49 














-21468.0 


< 2 


CORALIE 



curacy. Indeed, whereas the precision is essential for the planet 
search campaign, very few people se em to worry about the ac- 
curacy dGriffin 1999] ; jGullberg 1999| ). 



Starting with the equations of the radial velocity curves 
([Binnendijk 196C|), 



Va = Vo — Ka{cos(u + v) + ecosu), 
Vb = Vq + Kb{cos(u + v) + ecosw) 



(1) 
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where v is the true anomaly and lo is the argument of the peri- 
astron of B, one usually derives 



Vb-Vq 
V -V A 



Kb 
K A 



Ma 
M b 



1 



1 



(2) 



where V A and Vb represent the absolute radial velocities of 
both components, not the observed ones. Indeed, the latter 



are affected by the gravitational redshift (Harwit 1998) and 



the convective blueshift (Dravins 1999). Therefore, unless the 



measured radial velocities are corrected for the total effect of 
these two shifts, these velocities do not yield the mass ratio. 

If the mass and radius of the star are known, the grav- 
itational redshift can be computed ( |Harwit 1998 ). Even at a 
10 m/s precision, the differential effect of that shift would al- 
ready be rather large. Thus, with the stellar parameters adopted 
below, the differential redshift is 143 m/s, i.e. a 14er effect. 
Accounting for the convective blueshift is much more difficult 
because that would require some a priori understanding of the 
internal structure of the star. 

Actually, one does not need (and should even avoid) the 
absolute radial velocities to derive the mass ratio. Indeed, the 
latter can already be obtained from the relative radial velocities. 
From 



V A = V + Vqa + A A 
V b = Vq + V ob + As 



(3) 



where Vqa and Vob account for the zero points and the gravi- 
tational and convective shifts and A^ and A b are the relative 
radial velocities, one derives 



M F 



A. 



M A + M B A, 



(4) 



Thus, from |5ndl et al. (2001 ), an orthogonal least-square fit 
yields k = 0.457 which is very consistent with 0.454 ± 0.002 



after Kamper & Wesselink (1978) 



We showed in the previous section that both the CORALIE 
and AAT data had to be differentially corrected by about 
220 m/s in order to obtain likely parallax and mass ratio. We 
can therefore write 



(G B - C B ) - {G A - C A ) = 215 ± 8 m/s 



(5) 



where G denotes the gravitational redshift and C the con- 
vective blueshift (both regarded as positive quantities). It is 
worth keeping in mind that the 8 m/s uncertainty is based 
on the AAT data, results from the uncertainty on the adopted 
parallax only and does not account for the possible effect of 
the template mismatch. With the effec tive temperatures from 
Neuforge-Verheecke & Magain (1997 ), the luminosities from 
Guenther & Demarque (2000 ) and the masses we obtain (Table 
l|), G A = 560 ± 14 m/s and G B = 703 ± 20 m/s thus yielding 



C A ~ C B = 72 ± 26 m/s 



(6) 



for the overall spectrum. The difference in convective blue- 
shifts between the compon ents of this system for the Fe I line at 
A520 nm is about 500 m/s dDravins & Nordlund 1990| ). Hence, 
for at least one of these two stars, the Fe I line does not seems 
to be a good indicator for the overall convective blueshift. 



5. Conclusion 

We have solved the 3D two-body problem to derive masses 
and their precisions. The advantage of this solution is that it 
is completely independent of theoretical considerations such as 
models of stellar structure and evolution. Therefore, unless the 
original observations (the relative positions or the radial veloc- 
ities) become questionable, these masses should be considered 
as true observables and the parameters of the theoretical models 
adjusted accordingly (not the opposite). However, in the case of 
double-lined spectroscopic visual binaries, although the mass 
ratio is accurately derived, only the precision can be guaran- 
teed for the individual masses. 

We have studied in detail the case of a Cen A & B. Thanks 
to the accurate estimate of the parallax (e.g. after Hipparcos) 
and the combination of precise radial velocities and positions, 
it is possible to constrain the total effect of the convective 
blueshift and the gravitational redshift. 
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